Abstract: Poly(vinylidene fluoride) (PVDF) nanocomposites filled with various expanded graphite (EG) contents were prepared via melt-mixing followed by hotpressing. The structure, electrical, and thermal properties of resulting nanocomposites were investigated. X-ray diffraction results indicated that the EG additions do not lead to structural changes of PVDF. Differential thermal calorimetry measurements revealed that EG act as a nucleating agent for PVDF molecular chains. The crystallization temperature shifted to higher temperature with increasing EG content. DMA results showed that the storage modulus and glass transition temperature can be enhanced by adding EG. The nanocomposites were found to exhibit a small percolation threshold of 6.3 vol% due to the large aspect ratio of graphite nano-sheets. A great enhancement of dielectric constant is also found as EG concentration approaches percolation threshold. Both the electrical conductivity and dielectric constant of PVDF/EG nanocomposites can be well described by the percolation theory.
Introduction
Polymers are often regarded as insulators because of their low thermal and electrical conductivities. The electrical resistivity of insulating polymers can be reduced markedly by adding conductive fillers, such as carbon black, metal powder and carbon fiber. These composites are widely used as materials for the antistatic media, thermal fuses, shielding for electromagnetic and radio-frequency interference of electronic devices. However, such polymer micro-composites generally require large volume contents of conducting fillers to achieve desired physical and mechanical properties. The additions of large filler content to polymers lead to poor processability and low mechanical performances. Recent research has shown that polymers filled with nano-sized carbonaceous fillers exhibit more attractive electrical characteristics [1] [2] [3] [4] [5] [6] . These nanofillers include carbon nanotubes (CNTs) and expanded graphite platelets. Such materials are commonly defined as polymer nanocomposites. Polymer nanocomposites with excellent electrical conducting properties are emerging as a new class of advanced functional materials. In general, the high cost of CNTs precludes their extensive use in industrial sectors. It is more cost effective to reinforce polymers with graphite nanoplatelets prepared from proper chemical treatment of inexpensive graphite raw materials. subjected to rapid heating or thermal shock to release the acid intercalant, leading to the formation of expanded graphite (EG). The expanded graphite, however, maintains good electrical conductivity of 10 4 S/cm at room temperature similar to that of natural graphite [8, 9] .
Polyvinylidene fluoride (PVDF) is a semi-crystalline thermoplastic having remarkable thermal stability, high melting temperature, good chemical resistance, unique piezoelectric and pyroelectric characteristics. PVDF and PVDF copolymers show widespread technological applications in transducers, transistor, capacitors, and pipes for caustic chemicals [10] . Furthermore, PVDF is an attractive polymer matrix for micro-and nanocomposites with superior mechanical and electrical properties [11] [12] [13] [14] [15] . Recently, Levi et al. prepared the CNT filled nanocomposites having polymer matrices based on PVDF and its copolymers using solution blending method [16] . The nanocomposites were found to exhibit enhanced pyroelectric and piezoelectric behavior over pure materials. The use of solution blending is limited in industrial sectors due to the high costs of solvents. In this regard, melt-blending is more cost effective to mass-produce PVDF nanocomposites using conventional mixers, extruders or injection molders. In this work, we report the structure, thermal and electrical behavior of PVDF nanocomposites reinforced with expanded graphite (EG).
Results and discussion

Structural characterization
Figures 1(a)-(d) show the microstructure of commercially available pristine expandable graphite prior to and after rapid thermal treatment. The GIC can be prepared by oxidizing natural graphite in sulfuric acid. The acid intercalant then gets incorporated into the galleries of graphite layers, resulting in an expansion of the layer space ( Fig. 1(a) and (b) ). Upon rapid heating in a furnace, the intercalant is driven out, and the released energy pulled graphite layers apart along the c-axis by hundreds of times. The resulting material is commonly referred to as expanded graphite (EG). EG is porous in nature and exhibits vermicular or wormlike appearance ( Fig. 1(c) ). The thickness of graphite sheets of EG is within nanoscale range, yielding a large aspect (diameter/thickness) ratio as expected (Figs. 1(d) ). Figure 2 shows the XRD patterns of representative PVDF/EG composites. Four characteristic peaks located at 2θ =18.4°, 19.9°, 27.0°, and 39.0° can be assigned to the (020), (110), (021), and (002) reflections of α-phase of PVDF, respectively. PVDF is known to exhibit several crystallographic forms, namely α, β, γ, and δ. The α-form dominates in PVDF crystals upon cooling from the melt. The α-form can be transformed into β-form either by adding inorganic clays or by mechanical deformation [15, 17] . The β-form is ferroelectric and exhibits excellent piezoelectricity and pyroelectricity. It is evident from the XRD pattern that the EG additions do not induce a phase transition of PVDF from α-form to β-form. From Fig. 2 , the graphite characteristic peak of nanocomposites at 2θ = 26.6° is assigned to the (002) reflection [18] . This graphite characteristic peak tends to increase with increasing EG content, and shows no sign of shifting to lower angle region. In other words, no destruction of graphite crystal structure occurs during the composite fabrication. Since EG is porous, the molecular chains of PVDF can penetrate into the pores without yielding an expansion of the graphite crystal lattice. Such phenomenon is different from that observed in the clay-polymer system in which the clay galleries can be easily intercalated or exfoliated by polymer chains during melt compounding.
The formation of intercalated/exfoliated polymer nanocomposites is widely recognized by a shift to lower 2θ regime in the XRD patterns. 
Crystallization behavior
Figures 4 and 5 show DSC cooling and heating curves for pure PVDF and its composites, respectively. The crystallization temperature (T c ) of PVDF/EG composites is higher than that of neat PVDF. The T c for neat PVDF is 132.9 °C, and increases to 137.77 °C by adding only 1.56 vol% EG. In addition, the T c peak becomes sharper as a result of EG additions. This clearly indicates that the expanded graphite acts as an effective nucleating agent for PVDF, thereby promoting polymer crystallization.
The T c , melting temperature (T m ), melt enthalpy (ΔH m ) determined from the DSC curves are tabulated in Table 1 . The degree of crystallinity of PVDF composites can be determined from the following equation:
(1) where ΔH m is melting enthalpy of PVDF/EG composites, ΔH m 0 is melting enthalpy of 100% crystalline PVDF, ω is the concentration of EG, and χ is the degree of crystallinity. The melting enthalpy (ΔH m 0 ) for neat PVDF is 104.6 J/g [20] .
Recently, Neidhöfer et al. studied the effect of annealing on the structural changes of PVDF at temperatures between T g and T m using the DSC technique [19] . A small endothermic peak located between T g and T m was observed for pristine α-PVDF upon annealing at 23 to 100 °C for various periods of time. Since the PVDF/EG composites were placed in an oven at 80 °C for 12 h, DSC measurement was also used to clarify whether such structural changes occur in the PVDF matrix of composites. For annealed composite, an endothermic peak is observed at higher temperature (95 °C) in the first heating run. Neidhöfer et al. attributed this peak to the secondary crystallization and had no influence on the structures of PVDF [19] . It is considered that this small endothermic peak has no effect on the electrical behavior of PVDF/EG composites because the electrical conduction is derived from the formation of EG percolating network as described below.
Dynamic mechanical analysis (DMA)
The storage modulus and tanδ of PVDF/EG composites from -100 °C to 60 °C are displayed in Figure 7 and 8. The composites show higher E' values over entire temperature range compared to neat PVDF, indicating excellent reinforcing effect of EG. Furthermore, a sharp decrease in storage modulus occurs near the glass transition temperature (T g ). The increments in storage modulus with respect to pristine PVDF at room temperature (25 °C) for composites with EG contents of 4.73 vol% and 7.95 vol% are 127 and 154%. The enhancement in E' can be attributed to more uniform dispersion of EG with high aspect-ratio. The tan δ curve shows a peak at ca. -30 °C, corresponding to the glass transition temperature of PVDF (Fig. 8) . For the PVDF/EG composites, the peak shifts slightly to higher temperatures (Table 1) , which can be ascribed to the hindrance effect of EG for PVDF molecular chains.
Electrical properties
The variation of electrical conductivity of the composites with EG content variation is shown in Fig. 9 . A sharp transition from low to high conductivity occurs at ca. 6 vol% EG. Below 6 vol% EG, the graphite sheets are isolated independently. In this regard, the conductivity of the specimens is just slightly higher than that of neat polymer. Above 6 vol% EG, a continuous conducting network of graphite sheets is formed. When the EG content reaches 11.2 vol%, the conductivity of PVDF/EG composite is 0.73 S/m, over 8 orders of magnitude higher than that of neat PVDF (σ=5.5E-9 S/m at 100 HZ). The transition concentration from insulator to conductor is commonly termed as percolation threshold (Ф c ). The threshold values generally depend on the dispersion state of conducting fillers in polymer matrix, type and shape (aspect ratio) of the fillers and the property of host polymer.
According to the percolation theory [18, 21] , the conductivity of composites with concentration close to the percolation threshold follows a simple power law:
(2) where f denotes as the filler, m represents the composite, σ is the conductivity, Ф is concentration, and t is critical exponent at conducting regions.
From the above-mentioned power law, the conductivity versus EG content of the PVDF/EG composites can be fitted into straight lines in the log-log plots (insets of Fig. 9 ). From these, we obtain, Ф c = 6.3 vol% (~ 8 wt%), t= 2.58±0.42. The low percolation threshold of the present composites is attributed to unique structural features of expanded graphite. EG exhibits a layered structure with large aspectratio, and surface area, its homogeneous dispersion in PVDF matrix leads to lower filler content for electrical conduction. Recently, Weng et. al. [22] studied the electrical behaviour of EG filled HDPE composites prepared by two-roll mill process. They found that Φ c =10 wt% for HDPE/EG. The large aspect ratio of expanded graphite facilitates formation of a conducting filler network within polymer matrix. A similar behavior is observed for PVDF and other polymers reinforced with carbonaceous materials with large aspect ratios [2, 3] . The critical exponent t value determined from equation (2) is larger than universal values (t un =1.6~2) in the 3D lattice system [23] . The deviation of conductivity exponent t from universal values can be attributed to the tunneling of electrons from conducting graphite with content above the percolation threshold [24] . As EG fillers are covered with a thin polymer layer, tunneling conduction can occur when the plot of ln σ against Φ -1/3 is linear [25] . In this regard, the variation of ln σ with Φ -1/3 for the PVDF/EG composites above the percolation threshold is plotted and shown in Fig. 10 . A linear relationship is found between ln σ and Φ -1/3 , indicating that tunneling mechanism prevails above the percolation concentration. The dielectric behavior of PVDF/EG composites is now considered. Fig. 11 shows the effective dielectric constant vs EG content for PVDF/EG composites near the percolation threshold under 1 kHz at room temperature. Below percolation threshold, the dielectric constant of PVDF/EG composites increases slowly with increasing EG content. At Ф c = 6.3 vol%, the dielectric constant is 400, being 20 times higher than that of pure PVDF. The variation of dielectric constant near the percolation threshold can also be described by the following power law relation [20, 21] :
where ε m , ε p are dielectric constant of the composite and neat PVDF, respectively. This equation prevails at Ф<Ф c . Similarly, linear regression fit yields t'=1.166±0.079 at percolation threshold.
From Eq. 3, the dielectric constant of a material is proportional to its capacitance. It is considered that the increase of dielectric constant of the composites is strongly related to their microstructures. As can be seen in Fig. 3(b) , the graphite sheets are somewhat parallel to each other after hot-compression. Such graphite sheets are isolated by thin PVDF matrix, thereby forming many barrier layer capacitors. For the PVDF/EG system, the number of microcapatance networks increases with increasing EG content. This corresponds to an increase of the capacity of charge storage that in turn relates to the polarization of composites. Therefore, the incorporation of conducting EG into PVDF promotes the polarization of PVFD/EG composites. This is the main reason for large dielectric constant obtained.
Conclusions
The PVDF/EG nanaocomposites were fabricated by simple melt blending process. The structure, thermal, electrical conductivity and dielectric behaviour of the nanocomposites were investigated. XRD patterns showed that the EG nanosheets stabilized α-PVDF. DSC results revealed that EG act as a nucleating agent for the PVDF molecular chains. DMA analysis showed the beneficial reinforcing effect of EG in terms of storage modulus. The nanocomposites were found to exhibit a small percolation threshold (Ф c = 6.3 vol%) due to the large aspect ratio of graphite nanosheets. The dielectric constant also displayed a sharp transition near the percolation threshold. Accordingly, the electrical conductivity and dielectric constant vs filler content of the nanocomposites can be well described by percolation equations. The linear fit of the conductivity versus filler content near the percolation threshold yields a critical exponent of 2.58.
Experimental
Materials
Commercial grade of polyvinylidene fluoride (Kynar 740) was supplied by Atofina Chemicals Inc., USA. Expandable graphite (GIC, 220-50N) was purchased from GrafTech Ltd., USA.
Sample preparation
A ceramic bowl containing GIC was placed inside an oven at 700 °C for about 10 s. After drastic thermal treatment, the intercalants were vaporized. Then, the expanded graphite was collected upon cooling to room temperature.
Prior to blending, both EG and PVDF were dried at 80 °C for 24 h to remove water moisture. PVDF/EG composites, containing 2, 4, 6, 8, 10, 12, 14 wt%, were melt blended in an internal mixer (Haake, Rheomix 600) at 220 °C for 15 min at a speed of 80 rpm. The resulting composites were compression molded into plates at 230 °C for 10 min at a pressure of 20 MPa. Disk samples with diameter of 12 mm and thickness of about 1mm were cut from the plates. These samples were placed inside the furnace at 80 °C overnight (12 h) to release internal stress prior to electrical measurements. In this paper, the weight content (wt%) of filler was converted to volume content (vol%) for percolation study according to the following equation [26] :
where ρ EG is the density of EG (2.25 g/cm 3 ) and ρ PVDF the density of PVDF (1.75 g/cm 3 ). The corresponding filler volume contents were determined to be 1.56, 3.14, 4.73, 6.33, 7.95, 9.59, 11.24 %.
Microstructural examination
The microstructure of composites was observed in a scanning electron microscope (SEM, JEOL JSM-820). The composite specimens were sputter-coated with a thin gold layer prior to SEM observation. X-ray diffraction (XRD) measurements were performed with a Philip X'pert diffractometer. Scans with 2θ range of 2-50 ° were obtained using Cu-K α radiation having a wavelength of 1.514 nm under a voltage of 40 kV and a current of 40 mA. The scanning speed employed was 3.0 °/min.
Electrical measurement
The disk samples were polished and coated with silver paste. The electrical properties were performed with an impedance analyzer (Agilent model 4294) at room temperature. The volume conductivity and dielectric constant were determined according to the following equations:
where σ is the electrical conductivity, ε is the dielectric constant, G is the conductance, C is the capacitance, ξ 0 is vacuum permittivity (8.85 x 10 -12 F/m), d and A are the thickness and effective contact area of the samples, respectively.
Differential scanning calorimetry (DSC)
Nonisothermal crystallization behavior of the composite specimens was determined using a differential scanning calorimeter (DSC, PERKIN DSC-2910) under a heating rate of 10 °C /min in nitrogen atmosphere. The samples were held at 200 °C for 5 min in order to eliminate any previous thermal histories.
